

H 


c- 0 ...l 

k 

:■{ 

*“ & 

i* 

j- 

hs - 




<3 !■:> 

* W 


lif 

til 


NASA Technical Memorandum 83564 



Performance Degradation of a Typical^ 
Engine Commuter Type Aircraft in Measured 
Natural Icing Conditions 


(NASA-TN-83564) PEBFOBNANCE DEGBADATION Of 
i TYPICAL TRIM ENGINE COflflUTEE TYPE AIBCBAFT 
IN NEASUBED NATOBAL ICING CONDITIONS (NASA) 
31 p HC AQ3/MF AO 1 CSCL 0 1C 


G3/0S 


N84-13173 


One las 
42747 


Richard J. Ranaudo, Kevin L. Mikkelsen, 
and Robert C. McKnight 
Lewis Research Center 
Cleveland, Ohio 

and 


Porter J. Perkins, Jr. 
Ana lex Corporation 
Dayton, Ohio 


\ 

Prepared for the i 

Twenty-second Aerospace Sciences Meeting 

sponsored by the American Institute of Aeronaut ; and Astronautics 

Reno, Nevada, January 9-12, 1984 , 

i 

i 


t':' 

It 


V. " . 

1 t 


i 



— 




E-1943 


PERFORMANCE DEGRADATION OF A TYPICAL TWIN ENGINE 
COMMUTER TYPE AIRCRAFT IN MEASURED NATURAL ICING CONDITIONS 


Richard J. Ranaudo, Kevin L. Mikkelsen, and Robert C. McKnight 
National Aeronautics and Space Administration 
Lewis Research Center 
Cleveland, Ohio 44135 

and 

Porter J. Perkins, Jr. 

Analex Corporation 
5335 Far Hills Ave.; Suite 222 
Dayton, Ohio 45429 


Summary 

This paper deals with the initial results of 
the NASA Lewis Research Center's flight research 
in quantifying the performance of an aircraft in 
various measured icing conditions. Flight 
research performed in natural icing conditions 
supports a number of major program elements at 
NASA. 1 One of these elements is to develop 
analytical methods (computer codes) that predict 
aircraft performance degradation in a given icing 
condition. A major problem in developing these 
codes has been the lack of an experimental data 
base where measurements of the natural icing 
environment were associated with a corresponding 
measurement of aircraft performance degradation. 

Icing parameters such as liquid water con- 
tent, temperature, cloud droplet sizes, and ice 
accretions were measured with icing instruments 
mounted on the research aircraft. Continuous 
on-line reading of these instruments provided a 
quantitative display of the icing environment. 
Thus, when icing was detected the extent of the 
icing could be monitored and controlled by holding 
within the icing area. 

Following each measured icing encounter, 
level flight speed/power runs were made from maxi- 
mum obtainable level flight speed to a speed just 
above stall. When possible, repeat runs were made 
after selectively deicing the wings and empen- 
nage. Flight data were reduced to provide plots 
of the aircraft drag polar for the measured “iced" 
condition and a lift curve (Cl vs. a) as refer- 
enced to the uniced or clean airframe baseline. 

In order to determine the effect of icing on 
engine-out performance capability, these data were 
also reduced to provide plots of thrust horsepower 
required vs. single engine power available. 

Aircraft performance measurements are refer- 
enced to those characteristics of the icing condi- 
tion that created the ice accretions. Performance 
degradation is primarily influenced by the amount 
and shape of the accumulated ice. The amount of 
ice was measured but shape was not quantitatively 
determined. In addition to presenting specific 
values of the icing variables, the icing encoun- 
ters were characterized in terms of their relation 
to frequency of occurrence and the FAA icing cloud 
criteria for ice protection systems. 


Glaze icing caused the greatest aerodynamic 
performance/penalties in terms of increased drag 
and reduction in lift. Rime icing provided 
proportionately lower aerodynamic performance 
penalties. 

Data acquired through this flight test pro- 
gram will provide a basis to develop aircraft per- 
formance prediction codes for icing conditions. 

One such code is being developed under a NASA 
Lewis Research Center grant by the Ohio State 
University. The geometry of the icing research 
aircraft, along with the measured icing environ- 
ment and corresponding aircraft performance 
degradation data, will be used to provide a basis 
for the development of this code. 


Introduction 

The NASA Lewis Research Center is conducting 
an aircraft icing research program. Flight test- 
ing is performed in natural icing conditions to 
support several major program elements. 1 Among 
these elements are flight experiments that provide 
ice accretion shape and attendant aerodynamic drag 
data for validating computer codes and the Lewis 
Icing Research Tunnel (IRT). Other elements of 
the flight program involve the evaluation of cur- 
rent icing instrumentation, 2 the collection and 
documentation of icing cloud meteorological data, 
and the measurement of aircraft performance 
degradation due to icing. This paper will address 
the latter element by presenting our initial 
experimental results in quantifying the perform- 
ance degradation of a twin engine commuter type 
aircraft in measured natural icing conditions. 
Included in these data are the measured contribu- 
tion of the wings and tail group to the overall 
drag of the iced aircraft. These data will be 
used to verify computer codes currently under 
development, that predict the degradation of air- 
craft performance in icing conditions. 3 

A major problem in developing these codes has 
been the lack of an experimental data base where 
comprehensive aircraft performance measurements 
were made along with corresponding measurements of 
the icing environment. In this regard some 
limited efforts were made in the past 4 * 5 but the 
resulting data lacked eitner complete documenta- 
tion of the icing cloud variables, and/or compre- 
hensive measurements of aerodynamic performance 
penalties due to ice accretions. In this flight 
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test program, several icing instruments were 
employed to measure icing cloud variables. Data 
from these instruments were then used to charac- 
terize each icing encounter relative to the 
measured icing cloud variables, and to Federal Air 
Regulation (FAR) Part 25 Appendix C certification 
criteria. 6 After each measured icing encounter 
rigorous level-flight speed/power performance 
flight testing was accomplished with the icing 
research aircraft (fig. la) to determine the 
increase in aircraft drag coefficient and the 
reduction in aircraft lift coefficient due to 
ice. Additional speed/power runs were then made 
after selectively deicing the wings and tail group 
to further determine component drag contributions 
to overall aircraft drag. 

Eight out of eleven icing research flights 
provided reportable data; however, to avoid 
unnecessary repetition and to focus in on key 
observations and results, three flights, each 
representing unique icing encounters are presented 
herein. 


Instrumentation 
Icing Cloud Parameters 

Measurements were made of cloud liquid water 
content, cloud droplet size distribution, volume 
median diameter, air temperature, ice accretion 
rate, and duration of the icing encounters. 
Photographs were taken in flight of the ice accre- 
tions on the outboard section of the wing leading 
edge and of other airframe components visible from 
the cockpit and cabin. 

Instrumentation included; 

For liquid water content; Johnson and 
Williams (J-W) heated wire? produced by 
Cloud Technology (fig. 2(a)); 

For cloud droplet size distribution and 
volume median diameter; rotating multi- 
cylinder 8 (fig. 2(b)); 

For air temperature; platinum resistance 
total temperature probe 9 produced by 
Rosemount (fig. 2(c)); 

For ice accretion: Pressure-type Icing Rate 
and Accretion Meter (PIRAM) 10 developed by 
NACA (fig 2(d)). 

Aircraft Performance Instrumentation 

All aircraft performance measurements were 
made with calibrated service system instruments. 
The only instrument used that was not a part of 
the ship's service system was the heated angle of 
attack probe. These instruments included: 

Engine Torque: Edison Torque Pressure 

Gage(1b/in*) 

Propeller RPM: General Electric (per- 

cent) 

Pressure Altitude: Aerosonic Encoder (ft) 

Indicated Airspeed: Bendix Pioneer (knots) 


Angle of Attack: Specialties, Inc. 

(units/deg) 

Engine shaft horsepower (SHP) was calculated 
according to a simple equation in the aircraft 
flight manual using torque pressure and propeller 
RPM. Thrust horsepower was obtained by multipying 
calculated SHP by propeller efficiency. Aircraft 
weight was determined by adding the fuel remaining 
at test condition to the zero fuel weight of the 
aircraft. 


Flight Test Procedures 

Baseline performance in terms of an aircraft drag 
polar was obtained for the icing research aircraft 
in clear air by employing level flight performance 
test methods. IT, 12, 13 Numerous data points were 
obtained for the instrumented aircraft. A lift 
curve and drag polar were derived to establish a 
baseline for lift and drag coefficient comparisons 
between the iced vs. un-iced airplane. All 
instruments used to measure aircraft performance 
were bench calibrated for instrument errors. The 
service airspeed and altitude system were flight 
calibrated for static source position error. ^ 
Propeller efficiency for each performance data 
point was calculated from a propeller efficiency 
chart supplied to NASA by The Hartzel Division of 
TRW, Inc. 

All airframe icing was accreted at a nominal 
cruise flight condition, i.e., a cruise airspeed 
of approximately 125 KIAS (150 to 160 mph true 
airspeed). While in icing, the aircraft was kept 
"on condition" by adjusting power to maintain a 
constant cruise airspeed throughout the icing 
encounter. While the aircraft was allowed to ice 
up, icing instrumentation continually measured 
liquid water content, icing rate, total ice accre- 
tion, temperature, and cloud water droplet sizes 
and distribution. Cameras were used to photograph 
ice shapes as the aircraft progressed through the 
icing encounter and while level flight aircraft 
performance measurements were made. The pneumatic 
wing and tail deicer boots were not activated dur- 
ing the icing encounter; however, propeller and 
engine inlet heaters were always kept on to insure 
that full aircraft power was always available if 
needed. After a sufficient amount of ice had been 
accreted on the airframe, the aircraft would be 
flown to exit the icing area as quickly as possi- 
ble. Generally the quickest means was to climb 
above the icing cloud. 

At this point level flight speed/power runs 
were flown (using the same procedures as in the 
clear air baseline tests) first with the aircraft 
all iced, excepting the propellers and engine 
inlets. A second and third speed/power series 
were then successively flown with wings and tail 
deiced respectively to establish the drag contri- 
bution of each airframe component. Figure lb 
shows these portions of the airframe that are 
protected by deicing systems. Residual ice 
remaining on the wings and tail surfaces was not 
photographically documented since all portions of 
these surfaces were not visible from the cockpit 
or cabin. Elevators, ailerons, and rudder were 
trimmed for each data point. If the aircraft 
began shedding ice during the course of a speed/ 
power series, the series would be abandoned. 
Speed/power series were not attempted between 
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successive icing encounters unless the airframe 
could be totally deiced prior to each new icing 
encounter. In addition, speed/power series were 
not attempted unless flight conditions were 
smooth. All level flight performance measurements 
were made from maximum level flight speed to stall 
buffet onset with the flaps up. No performance 
measurements were made with any degree of flaps 
down. At the speeds and temperatures encountered 
during the relatively short period of time when 
level flight performance measurements were made, 
sub imation rates of ice were judged to be negli- 
gibly small and had no appreciable effect on the 
data. 


Results and Discussion 

Data pertaining to the results and discussion for 
each of the three selected icing research flights 
are contained in Tables I to III. Date, time, 
airspeed, and altitude for each icing encounter 
are given in Table I. Basic icing cloud variables 
and those properties of the ice accretions that 
influence aircraft performance degradation are 
given in Table II. Aircraft performance degrada- 

™ of drag polar curve fits are summa- 

rized in Table III. 

Figure 3 is included to show the variability 
and peak values of liquid water content measured 
during each of the three selected icing encounters. 
Continuous plots from recorded indications of the 
heated wire probe are shown in Fig. 3 for each of 
the three icing encounters. Values were recorded 
once per second in flight, but the arithmetic 
average over a 10-second period was used to estab- 
lish each point on the plots. 

4 (a) to (c), display icing data for 
each flight relative to FAR 25 Appendix C certifi- 
cation criteria, while the remaining Figs. 5 to 15 
show lift curve, drag polar, and power-velocity 
plots of aircraft performance with ice as compared 
to the uniced baseline. 

^ran r jlrtorm d °ce 1C<n9 EnCOunters as Related t0 

Aircraft performance measurements taken fol- 
lowing an icing encounter are referenced to those 
characteristics of the icing condition that 
created the ice accretions. Performance degrada- 
tion Is primarily Influenced by (1) the amount of 
Ice accumulated and by (2) the shape of the ice 
that formed. The quantity of ice collectr is 
mainly a function of the cloud liquid . .„er con- 
tent, the extent of the icing cloud, .he droplet 
size distribution, and volume medlar diameter. 
Temperature may partly determine the amount col- 

fn™ 6 ?* f 4 l0 . e ^° freez1n 9- The shape of the Ice 
formation is influenced by the rate of freezinq. 

Low temperatures and water concentrations with 
small droplets promote rapid freezing producing 
rather smooth and pointed ice accretions (rime 
ice). Temperatures near freezing and higher 
accretion rates (liquid water content x airspeed) 
with larger droplet ^izes result In delays in 
freezing, creating Irregular ice formations with 
r at °r concave surfaces (glaze ice) facing the 
airstream. The ice shape that forms Is of extreme 
importance since the contours and location of the 
ice formations on the various aircraft components 


significantly affect the aerodynamic performance, 
particularly aircraft lift and drag. Unfortu- 
nately, empirical relationships correlating the 
aerodynamic performance degradation of individual 
airframe components with ice accretions from icing 
encounters^ are presently not in existence. 

Until valid computer codes are available, the 
deleterious effects can only be determined by 
flight tests of each type of aircraft in natural 
conditions as is reported herein for one class of 
airplane. 

For this reason, aircraft performance data in 
this report is associated only with the available 
icing environment observations and measurements, 
which are presented in Table II under two cate- 
gories; the basic icing cloud variables and the 
properties of the ice accretions. Measured cloud 
variables include liquid water content, droplet 
size di stribut ions, median volume diameter, tem- 
perature, and the duration and extent of the 
icing. Ice accretion properties include icing 
rate, amount of ice accreted, and the shape of the 
ice formation as determined by observation. 

Frequency of Occurrence . - An approach to 
categorizing the severity of an icing encounter is 
to relate that encounter to the frequency of its 
occurrence. All the pertinent icing encounter 
parameters that determine intensity (LWC, extent 
of icing, droplet size distribution, median volume 
diameter, and air temperature) should be treated 
in combination in assessing the probability of 
exceeding the Intensity of a specific condition. 
Lewis and Bergrun i0 analyzed statistically all 
the available data obtained in icing flights up to 
that time (1952) and presented these data in 
probability charts. In one approach, plots are 
provided to determine the probability of equaling 
or exceeding any specified value of LWC under the 
condition that the value is associated simultane- 
ously with values of temperature and drop diameter 
lying within specified intervals. The plots are 
based on preselected values of horizontal extent, 
inus, ail the icing encounter parameters associ- 
ated with intensity are considered. 

These probability plots were used to associ- 
ate the severity of the icing conditions reported 
herein with the previously determined icing sta- 
tistics. For each icing flight the measured value 
of average LWC occurring simultaneously with the 
other measured icing parameters are used with the 
p ots to determine what the chances are in normal 
flight operations of equaling or exceeding that 
specific LWC value. For example, the LWC measured 
in flight 83-9 (0.35 gms/nr) would be equaled or 
exceeded in only 1 out of 250 icing encounters 
when formed in combination with the other measured 
ic ng parameters (see table II). This low proba- 
bility stems primarily from the unusual duration 

M in ? P rodu ? ed by the procedure of holding 
within the icing clouds. 

FAA Ice Certification Criteria . - For many 
y ears the extremities of Icing conditions were 
gauged by the FAR Part 25 icing parameter enve- 
lopes used to design and certify Ice protection 
systems. Thus, icing characteristics of a given 
Icing encounter can be related to these envelopes. 
Figure 4 from FAR Part 25 gives the maximum liquid 
water content to be found continuously in strati- 
form clouds as related to mean effective drop 
diameter, air temperature, and cloud horizontal 
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extent. This FAR envelope of maximum conditions 
is for a standard distance of 20 miles (17.4 
Nautical Miles). For icing encounter distances 
other than the standard distance, the maximum 
liquid water content may be increased or decreased 
depending on whether the encounter distance is 
shorter or longer than the standard distance. 

Data have shown that the more localized a cloud 
formation, the higher will be its liquid water 
content. A variable factor relating maximum 
liquid water content with horizontal distance has 
been developed from previous data. The maximum 
liquid water content is modified by multiplying 
values of liquid water content for the standard 
distance by the appropriate factor determined for 
the actual distance flown in icing. For example, 
the actual horizontal extent of the icing 
encounter for flight 83-9 was 72 N.M. The liquid 
water content factor for this distance would be 
0.55, and the maximum liquid water content would 
be decreased by that amount. As shown in Fig. 
4(a), the dotted line for maximum LWC at -4,4*c 
(interpolated value) is moved downward as given by 
the solid line in this figure. Thus the measured 
liquid water content of encounter 83-9 becomes 
closer to the maximum (81 percent of max.) than if 
compared to the standard distance. Figures 4(b) 
(flight 83-10) and 4(c) (flight 83-11), respec- 
tively, were constructed by employing the same 
procedure. Results from these figures are also 
contained in Table II. 

The variable factor relating LWC with dis- 
tance is of primary interest in determining the 
amount of ice which can accumulate on unprotected 
surfaces during an icing encounter (Reference 
Total Accretion, table II). However, for design 
of ice protection systems, the maximum LWC for the 
standard distance (17.4 N.M.) is used. 

Aircraft Performance Degradation 

Eight of eleven icing research flights pro- 
vided aircraft performance degradation data over a 
range of icing conditions; however, the results of 
only three selected flights are discussed herein. 
Overall aircraft lift coefficient decreases and 
drag coefficient increases were documented for 
each measured natural icing encounter. Contribu- 
tions of the iced wing and tail group to the 
flight test measured changes in aircraft lift 
coefficient (Ci ) and drag coefficient (Cn) 
were successfully identified by making level 
flight performance measurements after each of 
these components were selectively deiced. Iced 
aircraft performance data in terms of resulting 
drag polars and lift curves were compared to the 
uniced aircraft performance baseline to quantita- 
tively determine how ice accretions affected 
aircraft drag, aircraft lift coefficient, and wing 
efficiency factor (e). The uniced aircraft per- 
formance baseline is shown in Figs. 5(a) and 5(b). 

Power/velocity plots were also developed to 
approximate the magnitude of icing effects on 
enginc-out performance. These plots were con- 
structed by comparing the two engine flight 
derived equivalent weight thrust horsepower 
(T hp £w) required curves for the uniced vs. iced 
aircraft against a calculation of one-engine THP 
available. This plot of one engine THP available 
was calculated by using (1) max continuous power 
setting charts in the Pilot’s Handbook for 100 
percent propeller RPM at sea level and 96 percent 


RPM at any altitude, and (2) propeller efficiency 
charts to calculate the propeller efficiencies 
which are used to obtain THP. It should be noted 
that the two engine power required curves shown do 
not exactly represent the single engine case 
because trim drags caused by asymmetric thrust are 
not included. 

Photographs of ice shapes that had accreted 
on various portions of the aircraft at the time 
each performance measurement was made were 
obtained in flight with hand-held cameras. A 
group of photographs that include the wing leading 
edge and other representative airframe components 
visible from the cockpit or cabin are listed by 
research flight number and contained in Figs. 6 to 
8. Table II contains a description of these ice 
types and shapes. 

As mentioned previously, only three of the 
eight icing research flights are discussed in 
detail. Research flights 83-9, 83-10, and 83-11 
were selected for discussion as each one presented 
a unique icing situation: 83-9 was flown in glaze 
icing conditions that were 81 percent of maximum 
LWC (adjusted for horizontal distance) in the FAR 
25 appendix C icing certification envelope and 
therefore represented a relatively severe icing 
encounter; 83-10 provided the best complete set of 
aerodynamic and measured environmental parameters 
for a glaze ice encounter; 83-11 provided the same 
quality of data as 83-10, but for a rime ice 
encounter. Also note that flight 83-11 was flown 
in conditions that were calculated to be 104 per- 
cent of the maximum LWC in the FAR 25 Appendix C 
criteria. This fact provided some interesting 
comparisons between glaze and rime icing from an 
aerodynamic performance standpoint. 

Research Flight 83-9 . - The C L vs. a plot 
for 83-9 (fig. 9(a)), shows that ice affected the 
aircraft lift curve considerably. At a * 6°, for 
example, the M al l-iced n aircraft lift coefficient 
is 17 percent lower than the uniced baseline. 
However, when the horizontal and vertical tail 
planes were deiced, the lift coefficient at a = 6 # 
is 10 percent lower than the uniced baseline. 

This indicates that with the tail surfaces deiced 
the vs. a curve shifts upward towards the 
baseline. A similar observation was made on 
another research flight (not shown in this report) 
where the tail surfaces were deiced first and a 
corresponding set of aircraft performance measure- 
ments made. The upward shift in the lift curve 
may be attributed to the recovery of elevator 
effectiveness after ice is removed from the lead- 
ing edge of the horizontal tail plane. The impli- 
cation here is that ice on the leading edge of the 
horizontal tail reduces elevator effectiveness, 
and for a given aircraft weight, center of grav- 
ity, and configuration, increases level flight 
trim speed. Unfortunately, since elevator position 
and aircraft center of gravity were not precisely 
known at the time, there is insufficient informa- 
tion available to address this observation further. 
Future research flights will incorporate tests to 
examine this phenomenon more closely. 

The Cq vs. C l drag polar for flight 
83-9 (fig. 9(b)), shows relative drag increase for 
both the "all-iced" and "tail-only deiced" condi- 
tion. Additional component deicing of the wings 
was riot completed since ice began to shed from the 
airframe immediately after the tail-deiced speed/ 


power series was finished, A least squares fit of 
the "all-iced" data for flight 83-9 shows a very 
substantial increase in total aircraft drag. For 
example, at C£ - 0.25, aircraft drag 
increased approximately 62 percent over baseline. 
When the horizontal and vertical tails were 
deiced, the "all-iced" drag was reduced by 16 per- 
cent. Note that these percentage values will vary 
somewhat over the attainable range of lift coeffi- 
cients. Also note that the four "all-iced" data 
points represent the "compressed" range of attain- 
able lift coefficients between maximum level 
flight speed and onset stall buffet. When only 
the tail group is deiced, this envelope expands 
considerably. The changes in parasitic drag 
coefficient and wing efficiency factor for this 
flight are summarized in Table III. 

Research Flight 83-10 . - This flight yielded 
the best glaze ice data both from an environmental 
and aerodynamic standpoint. With the aircraft 
"dll-iced" the C L vs. a plot (fig. 10(a)) 
again shows the effects of ice on lift coefficient 
reduction. At a - 6*, for example, there is an 
approximate 16 percent loss in Cj_. After 
deicing the wings (excluding the nondeiceable por- 
tion between the fuselage and engine nacelles as 
shown in fig. 1(b)), the ClJoss is approxi- 
mately 4 percent at a « 6* . Subsequent deicing 
of the horizontal and vertical tail planes does 
not appear to provide any appreciable improve- 
ment. Note that even with both wings and tail 
deiced, the lift curve always remains below the 
baseline. There are two possible explanations: 

1) The resulting lift curve reflects the loss in 
Ci due to Ice remaining on the portion of 
wings between the fuselage and engine 
nacelles, i.e., the non-deiceable portion of 
the wings. 

2) The small amount of residual ice left alung 
the wing after pneumatic boot activation may 
provide sufficient contamination to degrade 
lift coefficient. 

The complete reason for this observed phe- 
nomena is probably due to a combination of both 
factors. 

The drag polars derived for this flight are 
shown in Fig. 10(b). Choosing a Cf of 0.25, 

(C|_ » 0.5), the aircraft drag coefficient is 
approximately 45 percent higher than baseline at 
that point. When the wings are deiced (except the 
non-deiceable portion), the aircraft drag coeffi- 
cient is reduced to 33 percent above baseline. 

When the horizontal and vertical tall planes are 
deiced, the drag coefficient is 28 percent above 
baseline. Note that approximately 60 percent of 
the increased drag due to ice still remains after 
deicing both wings and tail. This is due to ice 
accretions that cannot be removed, i.e., ice that 
accretes on non-protected surfaces such as struts, 
antennae, hinge brackets, etc. 

The drag polar equations resulting from a 
least squares curve fit of the data are shown in 
Table III. The wing efficiency factor "e" and 
parasitic drag coefficient may be extracted from 
these equations to quantify aerodynamic affects. 
Note the value of "e" for the "all-iced" airplane 
in comparison to the uniced baseline value. The 
decrease in wing efficiency factor is responsible 


for the steeper slope of the "all-iced" drag polar 
in Fig. 10(b). For this case, the wing is only 
53 percent as efficient as the uniced wing. After 
deicing the wing, "e" is still only 84 percent as 
efficient as the uniced wing. Again this is prob- 
ably due to the combination of incomplete ice 
removal by the pneumatic boots, and ice remaining 
on those portions of the wing between the fuselage 
and nacelle. The nondeiceable portion of the 
wings is approximately 20 percent of the total 
span excluding the portion of the wing behind the 
engine nacelle and fuselage. When the tail group 
is deiced, it is interesting to note that wing 
efficiency improves to 95 percent of the baseline 
value. 

Research Flight 83-11 . - This flight yielded 
the best rime ice data from both the environmental 
and aerodynamic standpoint. Referring to Fig. 8, 
note how much smoother the accreted rime ice 
shapes are in comparison to the glaze ice shapes 
encountered on flights 83-9 and 83-10 (figs. 6 and 
7). Also note that In referring to the environ- 
mental data for flights 83-10 and 83-11 (table 
II), nearly the same average LWC's (.31 and .29 
gm/m^, respectively) were obtained; however, the 
icing encounter in 83-11 was approximately 40 per- 
cent longer than that for 83-10. Yet the aero- 
dynamic affects measured were entirely different. 

On the C|_ vs. a plot for flight 83-11, 

Fig. 11a, the same characteristic degradation in 
lift slope is observed as in flight 83-10. How- 
ever, the magnitude of this degradation is less 
severe. 

A comparison of the resulting drag polars 
from flights 83-10 (fig. 10(b)), and 83-11 (fig. 
11(b)), shows an interesting contrast in results. 
On flight 83-11, for example, at a c£=0.25, 
the "all-iced" drag polar displays an approximate 
15 percent aircraft drag increase as opposed to a 
45 percent aircraft drag increase obtained on 
flight 83-10 at the same value C£. Even 
though flight 83-11 was flown through icing at 
nearly the same LWC as flight 83-10, and the time 
of encounter was 77 percent longer, the drag 
Increase was only 1/3 as great. Indeed, the 
"all-iced" rime condition encountered on 83-11 
provides less aircraft drag than the "wings and 
tail deiced" case on 33-10. Referring to the 
tabulated drag polar equations for flights 83-10 
and 83-11 in Table III. the parasitic drag coeffi- 
cient (Cqq) for the "all-iced" case in flight 
83-11 is 17 percent at ve the uniced baseline 
while the "wing and tail deiced" case in 83-10 is 
25 percent above the uniced baseline. It is also 
difficult to infer how wing efficiency factor "e" 
changed with this icing condition since the magni- 
tude of the drag measurements appeared to fall 
within the range of scatter normally achieved. 
However, the main conclusion to draw from Flight 
83-11 as opposed to Flights 83-9 and 83-10 is the 
much lower lift and drag penalties incurred in 
rime icing versus glaze icing. 

Engine-Out Capability * - Figure 12 shows the 
baseline uniced thrust horsepower required for 
standard day, standard weight, and sea level con- 
ditions. Figures 13(a), 14(a), and 15(a) were 
plotted to show approximate engine-out capability 
for the icing research aircraft for standard day, 
standard weight, and sea-level conditions. Fig- 
ures 13(b), 14(b), and 15(b) were plotted to show 
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engine-out capability for standard weight, at test 
altitude conditions. As previously discussed, 
these plots are somewhat idealized. Extrapolation 
of the data for flight 83-9, Fig. 13a, shows that 
with no deicing capability, the aircraft would 
have to descend if an engine were to fail. How- 
ever, just by deicing the horizontal and vertical 
tail, a rather limited single engine capability 
exists at sea lev el on a standard day at standard 
gross weight. Referring 'now to Fig. 13b, we see 
how, at a pressure altitude of 6000 feet, deicing 
capability of the tail group alone is not suffi- 
cient to reduce drag to the point where level 
flight could be maintained. Unfortunately, this 
particular test was abandoned before the wings 
could be selectively deiced, so the extent of 
improvement can not be determined. Based upon 
test results from other flights, e.g. 83-10, it 
appears that the amount of drag that is lost when 
the wings are deiced is twice the amount lost when 
the tail group only is deiced (see fig. 10b). 

This would lead one to qualitatively observe that 
at 6000 feet pressure altitude on flight 83-9, 
full deicing of the wings and tail would have 
recovered engine-out capability from the fully 
iced condition. 

Flights 83-10 and 83-11 occurring at 6000 
feet and 6500 feet, respectively, are included to 
provide comparisons between engine-out capability 
for glaze and rime ice conditions (see figs. 14b 
and 15b). It can be seen that a large amount of 
rime ice can accumulate on an aircraft before 
engine-out capability suffers. Conversely, it 
appears that only a small amount of glaze ice will 
rapidly erode that capability. Nonetheless, these 
plots, though somewhat idealized, illustrate the 
importance of developing aircraft performance pre- 
diction methodologies that can adequately address 
both anti-ice/deice systems requirements for both 
normal operations and in terms of failure modes 
analysis. In addition, these methodologies could 
also be used to provide valuable flight manual 
information to pilots in terms of aircraft per- 
formance limitations during icing encounters. 


Conclusions 

Icing can be characterized with respect to 
those conditions that caused the ice accretions 
including (1) the basic icing cloud variables such 
as liquid water content, droplet size distribu- 
tions, volume median diameter, temperature, and 
extent of the icing cloud and (2) the properties 
of the ice accretions such as ice type, shape, 
icing rate, and reference total accretion. Air- 
craft performance can then be associated with 
these parameters or displayed with more familiar 
criteria such as FAR 25 appendix C icing certifi- 
cation requirements. 

Glaze icing, which generally occurs at total 
air temperatures just below freezing, results in 
rough, irregular ice formations with flat or con- 
cave surfaces facing the airstream. This type of 
icing generally causes the largest aircraft per- 
formance penalties in terms of loss in aircraft 
lift, and increase in aircraft drag. Depending on 
icing rates under these conditions, aircraft drag 
can increase measurably in relatively short 
periods of time (less than 30 min) with attendant 
losses in climb rate and/or engine out capability. 
Aircraft with many non-deiceable components such 


as struts, landing gear, hinge brackets, antennae, 
and other small protuberances as are found on the 
Lewis icing research aircraft, can retain 50 - 
60 percent of the total accumulated drag even 
after deicing the wings and tail group. 

Rime icing which generally occurs at lower 
total air temperatures below freezing, results in 
smoother, more pointed ice formations facing the 
airstream. This type of icing generally causes 
much lower lift and drag penalties as compared to 
similar amounts of glaze ice. This result is 
illustrated by comparing a rime icing research 
^ * glaze icing research flight 
(83-10) where approximately tne same LWC's were 
encountered at the same airspeeds. Even though 
Flight 83-11 encountered icing 77 percent longer 
than Flight 83-10, the drag increase for Flight 
83-11 was only one-third as great as that measured 
on Flight 83-10. 


Future Efforts 

This paper presents experimental results on 
aircraft performance in measured natural icing 
conditions. Additional aircraft performance 
related experiments will be employed in future 
research flights to include: 

1. The employment of stereo photography to 
quantitatively document ice shapes that form 
on the wing and other airframe components. 

2. The use of a heated wake survey probe to 
measure section drag across the iced aircraft 
wing. Combining this capability with stereo 
photography of the same section of aircraft 
wing will establish the basis for computer 
codes development and IRT correlative 
experiments. 

3. Employment of a pressure belt to measure 
un-iced wing section lift coefficient. These 
data in conjunction with wake survey probe 
results will be used to establish aerodynamic 
conditions for wing section tests that will 
be run in the NASA-LeRC IRT. 

4. Measurement of icing research aircraft eleva- 
tor control position and angle of attack with 
a capability to vary center of gravity to 
determine how ice accretions affect the basic 
aircraft static longitudinal stability 
coefficients. 
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Content Meter for Measuring Icing Severity," 
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lets on a Cylinder and Procedure for Measur- 
ing Liquid-Water Content and Droplet Sizes in 
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Method," NACA TR-1215, 1955. 


9. Lewis, W., "A Flight Investigation of the 
Meteorclogical Conditions Conducive to the 
Formation of Ice on Airplanes," NACA 
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10. Perkins, P.J., McCullough, S., and Lewis, 

R.D., "A Simplified Instrument for Recording 
and Indicating Frequency and Intensity of 
Icing Conditions Encountered in Flight," 
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1. Static 

Temperature 

Cc) 


2(a). Average LWC 
(gms./cu m) 


2(b). Maximum LWC 
(gms./cu m) 


3(a). Duration of 
Encounter 
(min.) 


3(b). Extent of 
Encounter 
(Nautical 
miles) 


Static air temperature 
derived from total air 
temperature measurements. 
If variable, average value 
is shown. 

An arithmetic average of 
individual readings at 
equal intervals of time 

The peak LWC of the icing 
encounter measured over a 
distance of about 2.6 
nautical miles. This 
relates the encounter to 
the intermittent maximum 
certification criteria of 
FAR Part 25. 

Time in minutes from 
start of icing to end of 
encounter as measured by 
icing instruments. 

Duration of encounter x 
true airspeed. 


11. Lush, K.J., and Moakes, J.K., "Performance 
Reduction Methods for Turbo-Propeller Air- 
craft," pp. 5:1-20; Dommasch, D.O., "Data 
Reduction and Performance Test Methods for 
Reciprocating Engine Aircraft," pp. 6:1-26, 
AGARD Fliqht Test Manual, Vol. I, edited by 
r X Durbin and OTPerkins, 2nd revised 
ed., Pergamon Press, Oxford, 1962. 

12. Smith, H.C., "Introduction to Aircraft Flight 
Test Engineering," Pennsylvania State Univet- 
sity, University Park, PA, July, 1974, pp. 
14-45. 


13. Small, S.M., and Prueher, J.W., "Fixed Wing 
Performance: Theory and Flight Test Tech- 
niques," USNTPS-FTM-104, July, 1977, pp 

VI 1-18 - VII-25. 

14. Fisher, B.D., Holmes, B.J., anu Stough, H.P. 
Ill, "A Flight Evaluation of a Trailing 
Anemometer for Low Speed Calibrations of 
Airspeed Systems on Research Aircraft," NASA 
TP-1135, 1978. 

15. Gray, V.H., "Prediction of Aerodynamic Penal- 
ties Caused by Ice Formations on Various 
Airfoils," NASA TN D-2166, 1964. 


4(a). Median Volume 
Droplet Dia. 


4(b). Droplet Size 
Distribution 


4(c). Maximum Droplet 
Dia. (microns) 


An average value of 
droplet size (microns)for 
for the encounter. A 
rotating multicylinder 
exposure is self averag- 
ing providing a repre- 
sentative value and 
because of method is 
called Mean Effective 
Droplet Dia. 

Because rotating multi- 
cylinders are used, the 
Langmuir distribution 
designation (A - J) is 
shown. 

In the droplet size dis- 
tribution, the droplet 
size at which about 
5 percent of the total 
liquid water is in larger 
droplet sizes. (This 
value is useful in deter- 
mining the area of maxi- 
mum impingement on large 
surfaces - wing, and also 
influences ice shapes). 


16. Lewis, W. and Bergrun, N.R., "A Probability 
Analysis of the Meteorological Factors Con- 
ducive to Aircraft Icing in the United 
States," NACA TN-2738, 1952. 


5. Cloud Type Either stratiform clouds 

(continuous) or cumuli- 
form clouds (inter- 
mittent). This relates 
the encounter to the FAR 
Part 25 certification 
criteria. 
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Type of Ice 


Shape of Ice 


Terms commonly used to 
describe ice accretions 
such as Rime, Glaze, 

Clear, and Mixed. 

A single word description 
obtained from wing photos. 


10. Characterization 

of Icing Encounter 

(a). Frequency of 
Occurrence 


Average Ice 
Accretion Rate 
(in. /hr.) 


Reference Total 
Ice Accretion 
(inches) 


Obtained from ice accre- 
tion instrument (Avg. Ice 
Acc. Rate = Number of 
icing cycles for encoun- 
ter X .020/Total accumu- 
lated time of each icing 
cycle). 

Thickness of ice formed 
on small sensing probe at 
end of icing encounter. 
Measured by ice accretion 
instrument (Ref. Total 
Ice Acc. « Avg. Ice Acc. 
Rate X Duration of the 
Encounter). 


(b). Certification 
Criteria 


A means of referencing 
this icing encounter to a 
previously determined 
probability that has 
established, for any ran- 
dom icing encounter, the 
probability that the 
measured LWC of this 
encounter would be 
exceeded. A chart given 
in NACA TN 2738 is used 
to determine the proba- 
bility value. 

This icing encounter is 
related to the icing 
parameter envelopes given 
in FAR Part 25 Appendix 
C. Value shown is the 
measured LWC as a percent 
of the maximum value 
given in the FAR envelope 
corrected for horizontal 
distance. 
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TABLE II. - ICING CLOUD DATA AND ACCRETION 
PROPERTIES FOR ICING FLIGHTS 




* 


?■ 

k 



% 



y.\ ■ 



[See appendix A for definitions.] 


Flight number 

83-9 

83-10 

83-11 

Icing cloud data 

la. 

Total temperature (°C) 

-3.2° 

-2.3° 

-8.9° 

lb. 

Static temperature (°C) 

-4.4° 

-4° 

-10.6° 

2a. 

Average LWC (gms/cu m) 

0.35 

0.31 

0.29 

2b. 

Maximum LWC (gms/cu m) 

0.80 

0.45 

0.53 

3a. 

Duration of encounter (min.) 

36 

26 

46 

3b. 

Extent of encounter (naut. miles) 

72 

59 

106 

4a. 

Median volume droplet diameter (microns) 


13 

13 

4b. 

Droplet size distribution 


E 

0 

4c. 

Maximum droplet size (microns) 


35 

29 

5. 

Cloud type 

Strato-Cu 

i 

Strato-Cu 

Strato-Cu 

Ice accretion properties 

6. 

Type of Ice (see photo) 

Glaze 

Glaze 

Rime 

7. 

Shape of Ice (see photo) 

Double 

ridged 

Double 

ridged 

Curved 

8. 

Average accretion rate (In. /hr) 

2.68 

3.32 

3.80 

9. 

Reference total accretion (In.) 

1 .61 

1.44 

2.91 

10. 

Characterization of Icing 





a. Frequency of occurrence 

(number of Icing encounters to exceed) 

1 In 250 

1 In 100 

1 In 200 


b. Certification criteria 3 

81 percent 

70 percent 

104 percent 


a Percent of max LWC. 


i 






V 



e 


Clean Aircraft 


Straight line least squares 
fit of range 0 < < 1 .0 


Third order fit of complete 
range 


0.045 + 0.0414 C; 


0.0452 + 0.0423 C‘ 

- 0.01 cf + 0.0096 C* 


0.7635 


Flight 83-9 


All Iced 
Tails deiced 


0.0747 ♦ 0.0588 C 
.0712 * .0512 C 


0.5382 

.6175 


Flight 83-10 


All Iced 

Mings deiced 

Mings and Tails deiced 


0.0609 + 0.0782 C[ 


.0613 + .0492 C 

.0597 + .0438 C 


0.4045 

.6435 

.7224 


Flight 83-11 


All Iced 

Mings deiced 

Mings and Tails deiced 


0.0525 * 0.0432 C 
.0482 + .0494 C 

.0465 + .0555 C 


0.7315 

.6399 

.5703 
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Figure lb. - Icing research aircraft showing areas protected by 
anti -icing/deicing equipment. 



(a) Johnson Williams heated wire for 
measuring LWC. 

Figured - Icing cloud instrumentation. 
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(b) Rotating multi -cylinder for measuring water droplet size distribution. 


Figure 2. - Continued. 


ROSEMOUNT OAT PROBt 


(c) Rosemount total air temperature probe for 
measuring air temperature. 

Figure 2. - Continued. 
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■ FLIGHT 83-9 

FAR ENVELOPES OF MAXIMUM LIQUID WATER 
CONTENT FOR STANDARD HORIZONTAL 
EXTENT OF 17. 4 NAUTICAL MILES (20 S. M. ) 

MAXIMUM LIQUID WATER CONTENT AT -4 4° C 

MAXIMUM LIQUID WATER CONTENT AT -4 4° C 

FOR HORIZONTAL EXTENT OF 72 N. M. 

LIQUID WATER CONTENT FACTOR VERSUS 
HORIZONTAL EXTENT 




ngure - Flight 83-9 superimposed on FAR appendix 
continuous maximum (stratiform clouds). 




LIQUID WATER CONTENT FACTOR 


ORIGINAL IS 
OF POOR QUALITY 


• FLIGHT 83-10 

FAR ENVELOPES OF MAXIMUM LIQUID WATER 

CONTENT FOR STANDARD HORIZONTAL 
EXTENT OF 17. 4 NAUTICAL MILES (20 S. M. ) 

MAXIMUM LIQUID WATER CONTENT AT -5® C 

, — MAXIMUM LIQUID WATER CONTENT AT -5° C 

FOR HORIZONTAL EXTENT OF 59 N. M. 

LIQUID WATER CONTENT FACTOR VERSUS 

HORIZONTAL EXTENT 




LIQUID WATER CONTENT FACTOR 
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I UUI II 0^-1 1 

FAR ENVELOPE 5 OF MAXIMUM LIQUID WATER 
CONTENT FOR STANDARD HORIZONTAL 
EXTENT OF 17. 4 NAUTICAL MILES (20 S /VL ) 
MAXIMUM LIQUID WATER CONTENT AT -11° C 
MAXIMUM LIQUID WATER CONTENT AT -11° C 

FOR HORIZONTAL EXTENT OF 106 N M. 

LIQUID WATER CONTENT FACTOR VERSUS 
HORIZONTAL EXTENT 
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(a) Wing leading edge ice formation taken at time of aircraft performance measurements 


I f 


(b) Ice formation on wing strut taken at time of aircraft 
performance measurements. 


cen at time of aircraft (c) Ice formation on radome taken after landing 
Figure 6. - Flight 83-9, glaze icing photographs. 
















.ANGLE OF ATTACK (REFERENCED TO 
AIRCRAFT FLOOR LINE), deg 


(a) Variation of aircraft C L versus a. 



(b) Shift in aircraft drag polar. 


Figure 9. - Flight 83-9, effect of heavy glaze 
icing on aircraft lift curve and drag polar 
as compared to the un-iced baseline. 

6 f • 0°. 
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ANGLE OF ATTACK (REFERENCED TO 
AIRCRAFT FLOOR LINE), deg 


(a) Variation of aircraft C|_ versus a. 



Figure 10. - Flight 83-10, effect of glaze icing 
on aircraft lift curve and drag polar as com- 
pared to the un-iced baseline. 6 F - 0°. 




EQUIVAlfNT WEIGHT THRUST HORSEPOWER REQUIRED, hp 



EQUIVALENT WEIGHT TRUE AIRSPEED, KNOTS 

Figure 12. - Thrust horsepower required as a function of 
velocity for the un-iced aircraft Flight test data corrected 
to standard day, sea level, and standard weight conditions* 
6p • 0°. (Baseline.) 
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(a) Flight test data corrected to standard day, 
sea level, and standard weight conditions. 



TRUE AIRSPEED, KNOTS 

(b) Test conditions at 6000 ft Flight test data 
corrected to standard weight only. 

Figure 13. - Flight 83-9, effect of heavy glaze icing 
on thrust horsepower required relative to calcu- 
lated one-engine thrust horsepower available. 
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(b) Test conditions at 6000 ft Flight test data 
corrected to standard weight only. 

Figure 14 - Flight 83-10, effect of glaze icing on 
thrust horsepower required relative to calculated 
one-engine thrust horsepower available. 6p - 0°. 







o sea level, and standard weight conditions. 
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(b) Test conditions at 6500 ft. Flight test data 
corrected to standard weight only. 

Figure 15. - Flight 83-11, effect of rime icing on 
thrust horsepower required relative to calculated 
one-engine thrust horsepower available. 6p - 0°. 



